Abstract: Reset mechanisms of thermoluminescence (TL) signals in the near-surface layers (~500 nm thick) of quartz grains during milling are discussed on the basis of the dependence of TL glow-curves and infrared absorption spectra on grain diameter. TL measurements (heating to 370ºC at 1ºC/s) indicate that the near-surface layer does not seem to emit TL at ~250-400ºC, especially in the blue range, even in TL measurements after re-irradiation. In contrast, the layer seems to emit more TL at ~130ºC than the inner original quartz. On the other hand, diffused reflection infrared Fourier transform spectrometry indicates that hydroxyl species (e.g. Al-OH, Li-dependent OH and molecular H 2 O species) are deformed in the near-surface layer. These two series of data suggest that TL recombination sites in the near-surface layer are deformed or broken during milling and contribute to TL emission unusually strongly.
INTRODUCTION
Thermoluminescence (TL) dating and electron spin resonance (ESR) dating of fault movements using intrafault materials such as gouges are based on a concept that TL and ESR signals in the materials are reset during faulting due to frictional heating (Ikeya et al., 1982; Nishimura and Horinouchi, 1989; Schwarcz, 1993, 1994; Singhvi et al., 1994) . However, the complete resetting of TL and ESR signals is often considered to be doubtful in some laboratory experiments (Toyoda et al., 2000) and measurements of natural gouges (Fukuchi and Imai, 1998) . On the other hand, it is often needed to crush and mill geological and archaeological samples to extract quartz and feldspar grains for TL and ESR dating. In case of coarse grains, the near-surface layer is usually removed by HF etching (Scholefield and Prescott, 1999; Tsuchiya et al., 2000; Nakagawa and Hashimoto, 2003) . However, in case of fine grains, it is hard to do it. Therefore, influence of crushing and milling on TL and ESR signals as well as alpha-damage from ambient materials remains in the layer.
From the grain diameter dependence of the TL intensity in milled quartz grains, we found that TL signals were reset only in the near-surface layers (~500 nm thick; Takeuchi et al., 2004 Takeuchi et al., , 2006 . This layer is equivalent to the surface disordered layer (~10-1000 nm thick), normally highly disturbed and/or amorphous through thermal and mechanical damage during faulting and milling (Moody and Hundley-Goff, 1980; Yund et al., 1990) . Fig. 1 shows a representative diagram of a milled quartz grain (modified from Takeuchi et al., 2006) . The possible mechanisms for the surface resetting of TL signals are: 1) Recombination of TL-holes and thermally stimulated electrons as well as ions that are mobilized by frictional heat or mechanical stress.
2) Energy state change of TL recombination sites that are deformed or broken by mechanical stress. These two mechanisms must offer a complex relationship .
The hydroxyl species is the most populous impurity in quartz and often cited to have a role in the TL mechanism. Based on ESR measurements of hydrogen radicals and Al-hole centres in various quartz samples after isochronal annealing treatments, Hashimoto et al. (2000) concluded that irradiation-induced hydrogen radicals from hydroxyl species including H 2 O combined with Alhole centres below room temperature. It leads to decrease of the Al-hole centre population and the TL intensity above room temperature. Based on ESR measurements and infrared spectroscopy of natural crystalline quartz, Hashimoto et al. (2006) proposed a similar mechanism. Therefore, we have focused here on the hydroxyl species that seems to be an important factor connecting the proposed mechanisms (1) and (2).
In this paper, we conduct measurements of blue-TL (BTL) and red-TL (RTL) from milled quartz grains (section 2) and diffused reflection infrared Fourier transform (DRIFT) spectrometry of hydroxyl species in the same grains (section 3). Based on these results, we propose a dynamic model of TL resetting in the near-surface layers during milling (section 4).
TL MEASUREMENTS

Method
The sample was grains of pegmatite quartz from Marumori, Miyagi prefecture, Japan. Because this sample had been already prepared for our earlier studies , the sample preparation is described briefly here. A quartz block was crushed into small fragments (<1 mm) and then treated with NaOH and HCl solutions. After resetting natural TL by annealing at 450ºC for 30 min, the fragments were irradiated with γ-rays of 137 Cs (1 kGy at 3 Gy/min) as the "pseudonatural dose". After that, they were milled into grains. A half portion was treated with HF solution to etch the nearsurface layers. Finally, the etched and unetched grains were sieved into several sizes (~5.1-280 µm diameter). In this paper, these samples are called the "pseudo-natural" grains.
It is already known that the "pseudo-natural" grains have three distinctive TL peaks, separable into peak A (470 nm, 200ºC), peak B (615 nm, 340ºC) and peak C (620 nm, 205ºC) as shown in Fig. 2 (modified from Takeuchi et al. (2006) ). In this paper, an automated luminescence measurement system (Hashimoto et al., 2002) was used for all BTL and RTL measurements with the optical conditions as shown in Table 1 . All aliquots (2.7-2.9 mg) from the "pseudo-natural" grains were heated from 50ºC to 370ºC at 1ºC/s after preheating at 80ºC for 5 min. After that, they were irradiated with X-ray (50 kV, 0.15 mA, through 200 µm Al filter) for 200 s, equivalent to about 9.8 Gy at 2.9 Gy/min. Just after the X-ray irradiation, TL measurements were conducted under the same preheating and heating condition. Such X-ray irradiation and subsequent TL measurements were repeated two more times. In this paper, these samples are called the "X-ray 1-cycle" grains, the "X-ray 2-cycle" grains and the "X-ray 3-cycle" grains.
Results
Fig . 3 shows part of the results: TL glow curves of the "X-ray 1-cycle" grains (fine to coarse, ~5.1-280 µm diameter) with a curve of the "pseudo-natural" grains (coarsest, ~280 µm diameter) as a reference. The curves are the averages obtained from several aliquots for each sample. BTL is normalized using the 340ºC intensity of the pseudo-natural curve for each grain size. RTL is normalized using the peak B intensity of the pseudo-natural curve for each grain size. This normalization can eliminate the influence of the scattering loss in the TL photons through the grains. Of course, the pseudo-natural curves match with the TL spectra observed earlier as shown in Fig. 2 . However, the 1-cycle curves are quite different from the pseudo-natural curves, i.e. peaks A and C are absent in the 1-cycle curves. It appears that peaks A and C start growing up after longer X-ray irradiation. Takeuchi et al. (2006) ). The near-surface layer is mechanically and thermally damaged during milling. The outermost surface layer adheres H2O molecules and ions. Takeuchi et al. (2006) ). The grains sample (~280 µm diameter) was heated from 100ºC to 450ºC at 1ºC/s after preheating at 100ºC for 1 min. The grains were dosed 1 kGy at 3 Gy/min before milling. BTL, especially of the 1-cycle grains, shows a broad peak at ~250-400ºC that seems to involve more than one peak. The mixed peak height decreases with decrease in the grain diameter. The apparent peak temperature increases with decrease of the grain diameter due to change of the ratio of the peaks. In contrast, the 130ºC peak increases with decrease of the grain diameter, especially; the finest unetched grains show a prominent 130ºC peak. On the other hand, RTL of both pseudo-natural and 1-cycle grains shows a single peak (peak B) in the same temperature range. Similar to BTL, this peak decreases with decrease of the grain diameter and the 130ºC peak increases with decrease of the grain diameter.
Fig. 1. A representative diagram of a milled quartz grain (modified from
Fig. 2. An example of TL spectra obtained previously (modified from
Brief discussion
As mentioned in the Introduction, the pseudo-natural curve of unetched grains does not include the TL signals from the near-surface layer because the TL signals in the layers are reset during milling. Because the normalization of the TL grow curves eliminates the influence of the scattering loss in TL photons through the grains, the 1-cycle curves of the etched grains should have same intensity, independent of the grain diameter. Moreover, if TL is emitted from the near-surface layers of unetched grains after X-ray irradiation, its influence should be superimposed on the TL emission from the inner normal quartz. Because the volume contribution of the layers against the total volume increases with decrease of the grain diameter, the 1-cycle TL intensity of the unetched grains should increase with decrease of the grain diameter. However, the TL intensities of both etched and unetched grains decrease with decrease of the grain diameter. The 2-and 3-cycle curves also show similar tendency. Fig. 4 shows the 1-, 2-and 3-cycle TL intensity (peak height, normalized) against the grain diameter. As mentioned above, peak B decreases with decrease of the grain diameter. In addition, its intensity decreases with repeat of X-ray irradiation and TL measurements. In the coarse grains range, the intensity seems to settle down to a level after two cycles, while, in the fine grains range, the intensity seems to continue decreasing even after three cycles. Thus, the degree of the TL sensitivity change depends on the grain diameter. Such tendency causes apparently the grain diameter dependence of peak B (Fig. 3) . Here, because the complicate BTL peaks (~250-400ºC) cannot be separated clearly, we cannot depict their tendency correctly. However, it is expected that their tendency will be similar to that of peak B in Fig. 4 . When we compare the heights of the TL at ~250-400ºC between etched and unetched grains in the same or similar grain sizes, there seems no significant difference in intensity. These results indicate that the TL at ~250-400ºC is not emitted from the near-surface layer even after X-ray irradiation.
In contrast with the TL peaks at ~250-400ºC, the 130ºC peaks in both BTL and RTL increase with decrease of the grain diameter (Fig. 3) . Their intensity does not change during three cycles of TL measurements (Fig. 4) . When we compare their heights in BTL between etched and unetched grains in the same or similar grain sizes, the heights of unetched grains are higher than those of etched grains. Through these results, we can say that the recombination sites of the 130ºC TL, especially BTL, peak are localized near surface.
DRIFT SPECTROMETRY
Method
The same milled quartz grains, the "pseudo-natural" grains, were used for DRIFT spectrometry. Fig. 5 shows a schematic diagram of the set-up. Each grains sample was loosely packed in a small metal cell (inside: 9.8 mm φ, 1.7 mm depth). The cell was placed in a temperature-controlled box (Linkam, FTIR600 with LK-1500 and L-600A) filled with N 2 gas and cooled to -195.0±0.5ºC. IR scan was performed using a Fourier transform IR microscopic spectrometer (Perkin Elmer, AutoIMAGE System and Spectrum GX FT-IR System). The scan range was 4000-2500 cm -1 with 1 cm -1 interval. The aperture size was 300×300 µm 2 . The scan was repeated 64 times for each area to make the spectrum clear. The average spectrum was then obtained from random 30 scan areas for each sample. During preparing and measuring, the samples were kept under dark to avoid light bleaching effects on the TL signals.
Results
Fig. 6 shows all average IR absorbance spectra. The spectra are transformed from the original DRIFT spectra using the Kubelka-Munk theory. The mean absorbance level decreases with decrease of the grain diameter for both etched and unetched grains samples. This trend is concordant with earlier works on IR spectrometry using various mineral grains (Cooper and Mustard, 1999; Le Bras and Erard, 2003) . Two sharp peaks at 3375 and 3465 cm -1 are attributed to Li-dependent OH and Al-OH species, respectively. Here, Li-dependent OH is a hydroxyl species interacting with Li + , but the detailed struc-
Fig. 4. TL sensitivity changes during three cycles of X-ray irradiation and TL measurements. (a) Normalized BTL peak heights of etched grains. (b) Normalized BTL peak heights of unetched grains. (c) Normalized RTL peak heights of etched grains. (d) Normalized RTL peak heights of unetched grains.
ture is still unknown. On the other hand, Al-OH is a hydroxyl species associated with Al 3+ substituted for Si 4+ . A broad peak ranging ~3800-2800 cm -1 is well known as a molecular H 2 O species in and on the grains (Kats, 1962; Iwasaki and Iwasaki, 1993) . Fig. 7 shows the grain diameter dependences on the absorbance peak areas: Li-dependent OH species (3475 cm -1 ), Al-OH species (3365 cm -1 ), and molecular H 2 O species (~3800-2800 cm -1 ). The peak areas decrease with decrease of the grain diameter for both etched and unetched grains. For Li-dependent OH and Al-OH species, the intensities of the etched grains seem to have a linear dependence on the grain diameter in log-log plots. In the coarse grain ranges, the intensities of the unetched grains are slightly larger than those of the etched. However, in the medium and fine grains ranges, they rapidly decrease and become lower than the etched grains. On the other hand, for molecular H 2 O species, the intensity of the unetched grains is slightly larger than that of the etched in all ranges.
Brief discussion
For Li-dependent OH and Al-OH species (Figs 7a  and 7b) , we presume that the solid linear lines are the base lines for the etched grains under the present measurement condition and the dotted linear lines are the base lines for the unetched grains. The gap between the solid and dotted lines would be attributed to difference of the surface roughness. There are a number of very fine grains (~1-2 µm diameter) adhering to the unetched grain surface (Fig. 8) even though all samples were washed with distilled water in an ultra sonic bath after sieving. Their size (~1-2 µm diameter) is roughly equivalent to a half wavelength of the IR in question (~3400 cm -1 → ~3 µm).
The IR passing through these very fine grains causes phase alteration and leads to cancellation with the nonpassing IR, which can cause a "quasi-increase" of the IR absorbance in the unetched grains. Therefore, for the unetched grains, the deviation from the dotted line means the "real-change" in intensity. This deviation suggests deformation and/or breakage of Li-dependent OH and Al-OH species near surface because deformed or broken species do not vibrate as usual and do not absorb the incoming IR beam as usual (i.e. 3475 cm -1 and 3365 cm -1
at -195ºC, respectively). Similar to Li-dependent OH and Al-OH species, the gap in the IR absorbance for molecular H 2 O species (Fig. 7c) between the etched and unetched grains would be due to difference of the surface roughness. The spectrum of molecular H 2 O species for the finest unetched grains (Fig. 6b) is clearly deformed. This means deformation of molecular H 2 O species near surface like Lidependent OH and Al-OH species. This effect should appear as the downward-pointing deviation from the dotted line in Fig. 7c . On the other hand, there is a difference in the location between molecular H 2 O species and other two OH species; molecular H 2 O species is located not only in a grain but also on the grain surface (Fig. 1) . The influence of molecular H 2 O species on the surface increases with decrease of the grain diameter because the specific surface increases with decrease of the grain diameter. This effect should appear as the upward-pointing deviation from both lines in Fig. 7c . As a result, the grain diameter dependence of the IR absorbance intensity of molecular H 2 O species is non-linear in log-log plots. 
DISCUSSION AND CONCLUSIONS
In our previous studies (Takeuchi et al., 2004 , we concluded that TL signals are mostly reset in the nearsurface layers (~500 nm thick) of milled quartz grains, suggesting (a) recombination of TL-holes with thermally stimulated electrons or ions or (b) deformation or breakage of TL-holes. In our present study, we further found and suggested: (I) The near-surface layer does not seem to emit TL (BTL and RTL at ~250-400ºC) even after reirradiation. (II) The near-surface layer emits the 130ºC TL stronger than the inner original quartz, remarkable in BTL. (III) The near-surface layer does not show IR absorption of Li-dependent OH, Al-OH and molecular H 2 O species as usual, suggesting deformation and/or breakage of the hydroxyl species. Our earlier finding is concordant with the (I) and (II). The structure of the near-surface layer is highly disturbed and/or amorphous due to thermal and mechanical damage (Moody and Hundley-Goff, 1980; Yund et al., 1990) and often called the surface disordered layer. This is concordant with the (III). Therefore, the states of the TL recombination sites for BTL and RTL (~250-400ºC) in the layer are far from those in the inner original quartz as well as those of hydroxyl species. Heating to ~370ºC for TL measurements in present study may not cure the sites of their deformed and/or broken structures in the nearsurface layer. Therefore, the layer would remain disordered structure even after three cycles of irradiation and TL measurements.
The (II) suggests that the hole and/or electron trapping sites of the 130ºC TL peak in BTL and RTL correspond to "deformed or disturbed sites" in the near-surface layer rather than "normal sites" like ones in the inner original quartz. From the viewpoint of the band model, the energy levels of these sites should be different from the normal ones. These sites seem to be get activated as TL recombination sites from non-TL recombination sites, or this TL peak may be a deformed type of the so-called 110ºC TL peak or the TL peaks at ~250-400ºC. Heating to about 370ºC in the present study would not cure the sites of their deformation and/or disturbance, so that the sensitivities of the 130ºC TL peaks, "deformed or disturbed sites", keep a level even after repeat of irradiation and TL measurement. ) is considered here because it is widely cited as a hole source or recombination site for TL, especially BTL (Martini et al., 1995; Hashimoto et al., 2000; Itoh et al., 2002) . Similar to Al-OH species (Fig. 9a) , Al-hole centre in the near-surface layer is deformed or broken through mechanical stress during milling (Fig. 9b) . The energy level of the deformed or broken hole is different from the original one. At the same time, a thermally stimulated electron or ion comes to this site and recombines (Fig. 9c) . However, the process and energy gap of de-excitation are different from the original, so that TL as usual is not generated.
In TL and ESR dating of fault movements using intrafault materials, it is recommended to use fine grains (Buhary et al., 1988; Takeuchi et al., 2006) . However, as the main part of a fine grain is the near-surface layer (surface disordered layer) in which TL recombination sites do not emit TL, the TL (and probably ESR) signals will be very weak or absent. Even if a geological period gradually cures this layer of its damage, there seems to be differences in the equivalent dose encountered by the inner original quartz and the near-surface layer. This may give rise to incorrect age estimation. This makes TL and ESR dating of intrafault materials difficult.
In conclusion, we proposed models of detail TL resetting in the near-surface layers (surface disordered layers) of quartz grains during milling based on combination of TL measurements and DRIFT spectrometry. In the nearsurface layer, TL recombination sites as well as OH species are deformed and/or broken and do not work as usual TL recombination sites. In the present study, we also discovered that TL sensitivity depends on the grain size. They expose new questions about detail TL mechanisms that need further studies to be answered. 
